ABSTRACT This paper deals with the tire dynamic characteristics, which enable to forecast the trend of vibration signals, obtained from the tire-road system. Theory of the long-range dependence and the finiteelement method were employed in this paper. To forecast the resonance effects, we use different frequency modes to avoid the appearance of undesirable inherent frequencies. The vibration intensity of the tire is related to the attrition rate with long-range dependence, which is distinguished by the Hurst effect. The model data can be obtained by the tire vibration sequence from a common pavement. Consequently, we used the fractional auto-regressive integrated moving average approach to forecast the vibration trend and the tire spectrum characteristics simultaneously. The proposed method can be useful for the monitoring of driving performance, tire design, and driving comfort improvement.
I. INTRODUCTION
Tire is a breakthrough component in automobile car, which has a great impact on driving comfort and safety. It is known that tire has several unbalanced factors, which cause its eccentricity [1] , [2] . The tire distortion or eccentricity is the resultant of the alternating radial force. Consequently, driver and passengers feel uncomfortable with such vibration of the automobile body. Meanwhile, the eccentricity plays a role of the bridge in the process of transmission the steering force, braking force and driving force, which is applied to the ground. It can also provide the driving force and accelerate to overcome obstacles, and decelerate the automobile by the friction between tire and road [3] - [5] .
Safe car driving, automatic protection systems, comfort control improvement [6] - [8] , unmanned and automatic navigation demonstrate the importance to forecast the tire dynamic characteristics. The forecasting is also helpful for estimating a tire wear life. All the mentioned applications attract scientific attention from many researchers. So, the study of tire dynamic characteristics represents a hot topic for further investigations.
Dynamic simulations of tire models can be divided into four categories: rigid ring models [9] , multibody models [10] , finite element models [11] and modal models [12] . Tire vibration can be developed for vertical tire dynamic by these four models. The forecast of tire dynamic characteristics can be classified into three major categories: i) proposes a method to study the problem of forecast modeling by road texture [13] , ii) Lecomte et al. [14] develop forecasting problem for the radial response to radial forcing, iii) represents approximate analysis based on the meridional tension alone and it is shown to yield an accurate forecasting [15] . All these categories represent real-time online forecasting, and match for shortterm forecasting. The vibration modal characteristics of the tire directly reflect the structural mechanical characteristics of the tire and tire wear degree. The dynamic characteristics of the tire can be obtained through the Analysis Modal of the tire [16] - [18] .
The tire wear is gradually aggravating process, which can be referred to the long-range dependence (LRD). The tire vibration is not only random and non-stationary, but it also has long-range dependence characteristics during its movement on the road. Therefore, stochastic models with fractional auto-regressive integrated moving average (FARIMA) can be considered as LRD [19] . It can be regarded as the special form of the integer differential auto-regressive moving average model (ARMA).
The novelty in this study concerns the forecasting of the tire dynamic behavior by using the finite-element models and the long-range dependence. Comparing with the existing methods, it is shown that the forecasting result is improved, and it is also helpful for the tire lifetime forecasting and tire design simultaneously.
II. FINITE ELEMENT MODAL ANALYSIS OF TIRE
The model assumes transformation of the physical coordinates, which yield differential equations of vibration [20] to the equations, which use modal parameters and its coordinates. By using the coordinate transformation method, the modal matrix was transformed into the transformation matrix, and each mode corresponds to the column vector. By identifying the modal parameters, we provide the basis for the analysis, diagnosis, forecasting and optimization of dynamic characteristics of the system.
A. FINITE-ELEMENT MODEL ANALYSIS
Modal analysis of the feature vector and characteristic value problem, can help to understand the features of vibration frequency, avoid inherent frequencies, and prevent resonance effects. For instance, rigid structures in the design are favorable to account the demands for its application [21] . Thus, obtaining vibration characteristics in terms of the rotational velocity represents an important problem. The natural frequency of the tire is often used to characterize the structural stiffness, i.e., its lower stiffness corresponds to lower frequency and vice versa.
The tire nature resonance frequency can cause the deformation trend of the tire structure, which can be displayed by the vibration mode. The stiffness design of the structure can be strengthened by the weakness of the structure.
The characteristic value of the structural dynamics was calculated by using the finite-element method. The natural frequencies and modal shapes mentioned in the modal analysis represent the eigenvalues and the feature vector.
The differential equations, which describe vibrational motion of the system [22] can be expressed as follows:
..
where
, {x (t)} , and {f (t)} represent the mass matrix, damping matrix, stiffness matrix, force vector, and response vector, respectively. If we suppose free vibration with negligible damping, equation (1) takes the form
The equation of motion (2) 
where ω is the angular frequency. The substitution of expression (3) into equation (2) gives
and φ can be normalized as follows
where the superscript T denotes the transpose. We remark that equation (5) represents a regular mode of the vibration signal.
B. MODAL ANALYSIS OF TIRE
In order to develop a 3D tire model, we use ANSYS Workbench software. Then, we generate a mesh for the model, introduce material properties, boundary conditions and apply the constraint conditions. Finally, the simulation result can be calculated.
Since automobile tires can be modeled as 3D digital model, the Lanczos Modal Analysis Block technology can be applied to simulate the actual vibration response of a tire.
To estimate the interaction between the tire and the model surface, we introduce the material properties (Table 1) . Parameters E i (i ∈ {x, y, z}) represent the moduli of elasticity applied to the corresponding directions, ρ is the material density, V xy , V yz , V xz are the Poisson ratios for the xy-, yz-and the xz-planes, correspondingly. The vibration modes are depicted in Fig. 1 . The frequencies for the six vibration modes are given in Table 2 .
At this point, we emphasize that the quality of the various order modes in the finite-element analysis is reflected by the effective mass of each degree of freedom. In the dynamic analysis of the linear problem, by using the model superposition method, we need to ensure that the analysis process can be extracted in a sufficient number of the mode and the evaluation standard model can be more than 90% of the direction of movement of the effective mass of the occupy.
III. LONG-RANGE DEPENDENCE: FARIMA
The FARIMA model equation has the form
where a t is the white noise sequence, d is the fractional difference operator, d is the order of the finite difference operator, B is the moving backwards operator. The polynomials (B) and θ(B) read as follows:
where numbers p and q are the degrees of the polynomials. Furthermore, the the fractional difference operator d has the form
where = (1 − B) and represents the Gamma function
The difference between the general FARIMA (p, d, q) and the ARIMA models is the value of number d.
From the mathematical description if the FARIMA, it is clear that this approach is capable to describe LRD processes. Therefore, FARIMA (p, d, q) process can be analyzed to forecast the time series with LRD characteristics, which provides an effective means to forecast the trend of tire vibration.
IV. FORECASTING OF STOCHASTIC SERIES BY LRD
If an auto-correlation function r(k) of a stochastic process x(t) is not available when r(t) → ∞, then the stochastic process is related to the LRD [23] . Vibration signal is studied in this section. For the time series with the LRD, series x(t) have deep relationships within its historical values. Long-range dependence is self-similar and Hurst effect. The LRD property is expressed by parameter H . The variation ranges of the Hurst value represent the following statements: if 0 < H < 1/2, it belongs to the short-range dependence, when 1/2 < H < 1, it belongs to the LRD process; for H = 1/2 no correlation is observed.
Based on the study of various phenomena (especially the Nile hydrological data), Hurst proposed non-squared, normalized time series statistical method, which is called the Rescaled Difference, which is the R/S analysis. It maintains the accuracy of the calculation with fast computing speed. Here are the principal steps of the method: 1) Calculate the logarithmic yield data {S t , t = 1, 2, . . . , N − 1}, S t = log(x t+1 /x t ) for the original data {x t , t = 1, 2, . . . , N }.
2) Series {S t } is divided by A parts, each length of n, and each subinterval of each element is indexed by N k,a , k = 1, 2, . . . , n, α = 1, 2, . . . , A, The mean of each subinterval is e a = 1 n n k=1 N k,a .
3) Calculate the cumulative deviation sequence {x k,a }, 6) Calculate the value of R a /S a , α = 1, 2, . . . , A that the variables represented in Steps 4) and 5). Thus, we can obtain the heavy standard sequence of A continuous subinterval sequence, and get the mean value of A, which is (R/S) n . 7) Extend the length of the subintervals, by repeating steps (1) -(6) until n = (M − 1)/2. 8) By using the identity log(R/S) n = log(a) + H log(n), we calculate the slope by using the least squares estimation, and the slope is the Hurst index.
The R/S analysis gives a reliable way to evaluate the selfsimilarity of the time series. The time complexity of the program algorithm is O(L 2 ) [24] . Comparing with the frequency domain analysis, the algorithm has the characteristics of clear algorithm and it is easy to be implemented. In addition, the R/S analysis is suitable for sufficiently large number of samples.
The forecasting of the vehicle tire vibration sequence in the experiment is selected as the forecasting analysis. The forecasting steps are the following [24] :
Step 1: Select the car tire vibration intensity data as the forecasting of the sample data.
Step 2: Preprocess vibration intensity data. There are some abnormal points and the individual data points are far beyond the average value, so this kind of points is often removed.
Step 3: Use R/S analysis method to estimate the Hurst parameters of the vibration intensity data of automobile tires.
Step 4: According to the formula H = d + 0.5, get the value of the fractional difference parameter d.
Step 5: In view of the AIC criterion, select the smaller value to check the model, then increase the value of p and q until the best combination of values is selected, finally determine the order of the ARMA model.
Step 6: Forecast by the FARIMA model.
V. FORECASTING ANALYSIS OF THE TIRE MODAL
In this section, a set of random signal sequence of the tire pavement system is forecasted. Specifically, vibration data is used for the forecasting of the sample, 100 points are considered as the time series, and the R/S analysis method is used to estimate the Hurst parameter of the tire vibration data, as shown in Fig. 2 . The case of H = 0.7268 > 0.5 is consistent with long-range dependence, so the fractional differential noise parameter is d = 0.2268. According to the Yule-Walker's equation, the autoregressive parameters φ 1 , φ 2 , . . . , φ p and the moving average coefficients θ 1 , θ 2 , . . . , θ q are calculated. Now we can obtain the forecasting results (Fig. 3) . Fig. 4 represents the local zoom-in view of Fig. 3 within 80, . . . , 100 forecasting points. We remark that the forecasting curve is very similar to the actual curve with a low error rate, i.e., results in Figs. 3 and 4 demonstrate that the longrange dependence is capable to forecast the vibration trend of the automobile tire.
To examine the efficiency of the proposed method, a set of practical tire bench-test data was used for the evaluation. The Hurst parameters of tire vibration data series are calculated by the method of weight standard range analysis (R/S method). The slope of fitting line is 0.6635, the difference coefficients can be obtained by d = H − 0.5 = 0.1635. Since the Hurst parameter value is greater than 0.5, the vibration amplitude of the tire is in line with the long-range dependence characteristic, as shown in Fig. 5 . Therefore, the FARIMA model can be used to forecast the tire random vibration. By using the forecasting for the 20 data points, we can get the plot of the vibration amplitude versus time (Fig. 6 ). Fig. 6 shows that the LRD effect is relatively consistent, i.e., it can reflect the tire vibration trend. The original and the forecasted data for 20 steps are given in Table 3 . The mean absolute error (MAE) for the forecasting is 0.8205.
In order to study the reflection of the automobile tire under the vibration excitation, the LRD method is employed to forecast future data points for a long period of time, the spectrum analysis of the forecast data is obtained and depicted in Fig. 7 .
It is clear from Fig. 7 that the vibration sensing signal in response to the tire under the action of the actual signal is mainly within the range of 50 Hz to 120 Hz.
VI. CONCLUSION
In this article we examined the vibration characteristics of tires for long-range dependencies. We have shown that the fault probability can be forecasted. In particular, the modal analysis of the tire was studied for 25.415Hz, 30.942Hz, 31.336Hz, 49.55Hz, 50.515Hz, and 79.122Hz. The key reasons for the choice of such frequencies are discussed in the study. In terms of the inherent modal parameters, it is clear that the tire can be considered close to the effect of external excitation.
We conclude that the long-range dependence has a good tendency to forecast the road vibration test data. According to spectrum analysis of the forecasted data, the vibration signal contains frequency factors close to the tire modal. Thus, the long-range dependence can be used to forecast when the subsequent tire resonance occurs. The proposed method provides the effective solution for tire fault diagnosis analysis. 
